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Since th e  ex istence  o f specific  in h ib ito ry  neurons in tw o p a r ts  o f  th e  
sp in a l g ray  m a tte r  ap p ea rs  to  be an  e s tab lish ed  fa c t ( E c c l e s , F a t t , L a n d - 
g r e n , W i n s b u r y  [8] ; E c c l e s , F a t t , K o k e t s u  [7]) and is h igh ly  p ro b a b le  
also in th e  cen tra l g ray  m a tte r  o f th e  m id b ra in  fo r inh ib ition  o f o cu lo m o to r 
n eu rons (S z e n t Ág o t h a i  and  S c h a b  [37]) it  seem s hopefu l to  a tte m p t a h is to lo g ­
ical id e n tif ic a tio n  of sy napses, w hich e x e rt in h ib itio n  on m o to n eu ro n s. T his 
a t te m p t ,  how ever, will be successful only if  f ir s t  d iffe ren t kinds o f e x c ita to ry  
sy n a p se s , th e ir  d is tr ib u tio n , size, g roup ing  e tc . w ill be clarified.

At p re se n t, tw o d iffe ren t w ays o f h isto log ica l app roach  of such  q u e s tio n s  
are  a t o u r d isposal. O ne is the  “ boutons”  or b e t te r  “ synapses degeneration m ethod” , 
w hich h as  show n itse lf  an  im p o r ta n t  m eans b y  w hich certa in  p a th w a y s  can 
be follow ed to  th e ir  v e ry  en d in g  on th e  n e x t lin k  o f the  neuronal c h a in . U n ­
fo r tu n a te ly , all h ith e r to  know n specific  in h ib ito ry  neurons are r a th e r  sh o rt, 
a t m ost som e m m  in le n g th , th e re fo re  a lesion, b y  w hich  th ey  can be d e s tro y e d  
or th e ir  axons in te r ru p te d , m u st be p laced  in to  th e  closest n e ig h b o u rh o o d  
o f  the  m o to n eu ro n s. T h is w ould  be ob jec tio n ab le  in  th e  spinal co rd , b ecau se  
o f th e  p ro b a b ility  of in te r ru p tin g  e x c ita to ry  fib res  ru n n in g  th ro u g h  th e  reg ion  
o f th e  lesion , lead ing  th u s  to  u n co n tro llab le  re su lts . F o rtu n a te ly  in  th e  m id ­
b ra in  th e  specific  in h ib ito ry  cells are  a t a m ore favourab le  s ite , th e  lesion 
o f w hich has no e ffec t on o th e r  system s lead in g  to  or th ro u g h  o cu lo m o to r 
nuclei. —  A n o th e r m e th o d  has re c e n tly  been  developed  in th is d e p a r tm e n t  —  
o rig in a lly  fo r h isto log ical analy sis  of th e  ce reb ra l co rtex  —  w hich  m a y  be 
called  th e  “method o f  rem aining elem ents". B y  a p p ro p ria te  in te rfe re n ce , sm all 
p a r ts  o f  th e  ce n tra l n e rv o u s sy s tem  are  co m p le te ly  iso lated , le av in g  in ta c t  
as fa r as possible th e  v a sc u la r  supp ly  o f th is  iso la ted  frag m en t. In  a b o u t 
4 — 6 w eeks all nervous e lem en ts , th e  cell o f o rig in  of which is n o t su rv iv in g  
in  th e  iso la ted  fra g m e n t, u n d erg o  d eg en e ra tio n  an d  are reso rbed . All o f  th e  
n e rv o u s  tissu e  th a t  rem a in s  in ta c t  w ith in  th e  iso la ted  p a r t  m u s t  be long  
th e re fc re  to  su rv iv in g  nerve  cells. T his m e th o d  offers som e m eans to  in v e s tig a te  
sh o rt n eu ro n s or n eu ro n a l connections. Specific in h ib ito ry  neurons b e in g  sh o rt, 
u n d e r ce rta in  c ircum stances th e  m ethod  can be used to  analyse th e ir  co n n ec tio n s .
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The m ain  d if f ic u lty  we are to  m ee t in  th e  investiga tions p re sen ted  in  
th e  following pages a rises  from  the  fa c t t h a t  w ith  sp inal cord m o to n eu ro n s  
w h ich  have been m o st th o ro u g h ly  in v e s tig a te d  w ith  th e  aid o f in tra c e llu la r  
reco rd in g  tec h n iq u e s , th e  anatom ical s i tu a t io n  is ra th e r  u n fav o u rab le  for 
h isto log ica l an a ly sis , w h ereas  in  ocu lom oto r n eu ro n s , where th e  a n a to m ic a l 
s i tu a tio n  in  m a n y  re sp e c ts  is fa r m ore fa v o u ra b le , no d a ta  fu rn ish ed  by  
in tra c e llu la r  reco rd in g  a re  available.

M aterial and  m e th o d s

Cats and  dogs w ere  used in these  in v e s tig a tio n s , the  fo rm er an im al 
m o stly  for sh o rt e x p e rim e n ts , the  la t te r  in  ex p e rim en ts  w ith  th e  “ m ethod  
o f rem ain in g  e le m e n ts ’’, po sto p era tiv e  ca re  fo r severa l m onths a f te r  serious 
sp in a l in ju ry  being  m u ch  easier in dogs. —  T h e  o p era tiv e  p rocedures a im ing  
d e s tru c tio n  and  su b se q u e n t secondary  d e g e n e ra tio n  of p resy n ap tic  fib res  o f 
m o to n eu ro n s  w ere th e  follow ing. T ran sec tio n  o f  dorsa l roots L 5 or L 6 ca rried  
o u t  e x tra d u ra lly  (in  c a ts  and  dogs), m in u te  lesions p laced w ith  th e  aid o f  
th e  H o r s l e y — C l a r k e  te ch n iq u e  in to  d if fe re n t p a rts  of v e s tib u la r  nucle i, 
th e  p o ste rio r lo n g itu d in a l fasciculus, in te r s t i t ia l  nucleus of Ca j a l , D a r k - 
s c h e w i t s c h ’s n ucleus a n d  o th e r p a rts  o f  th e  a n te r io r  m idbra in  c e n tra l g ray  
m a t te r  (in cats). —  A n im als  were k ep t a live  fo r 4 or 5 days p o s to p e ra tiv e ly . 
T h e y  w ere killed u n d e r  e th e r  an aesthesia , b y  p e rfu s in g  rap id ly  w ith  p h y sio lo g ­
ica l sa line  and  a f te rw a rd s  w ith  10%  n e u tra liz e d  form ol solu tion . F o r  s ta in in g  
o f  d eg en e ra ted  te rm in a l  fib res and s y n a p tic  en d -fee t in frozen  sec tions, 
tw o  groups of m e th o d s  w ere used : B i e l s c h o w s k y  m ethods in  th e  m o d i­
f ic a tio n s  of G r o s — S c h u l t z e  and R e u m o n t — L h e r m i t t e , and  th e  N atjta 
m e th o d . The B i e l s c h o w s k y  m ethods, e sp ec ia lly  th e  above m en tio n ed  m o d i­
f ic a tio n s , as well as th e  G l e e s  m ethod , s ta in  b o th  norm al and  d e g e n e ra ted  
te rm in a l  fib res an d  e n d -fe e t. N orm al e n d -fe e t a re  b est s ta in ed  w ith  th e  
R e u m o n t — L h e r m i t t e  m odifica tion  ; th e  Ca j a l  form ulae No. 4, w hich  are 
th e  m o st a p p ro p ria te  to  s ta in  m ost en d -fee t p re se n t, canno t be used  here  
since  d eg en era ted  te rm in a l  s tru c tu res  a re  s ta in e d  v e ry  in com ple te ly . T he 
s i tu a tio n  is u n fo r tu n a te ly  th e  sam e w ith  B o d i a n ’s m ethod . W ith  th e  B i e l ­
s c h o w s k y  ty p e  m e th o d s  th e  ex ac t m ode o f  te rm in a tio n  can be in v e s tig a te d  
a n d  also the  re la tiv e  n u m b e r  and  position  o f  n o rm a l and  d eg en era ted  sy n a p tic  
te rm in a l  knobs. To th e ir  d isad v an tag e , i t  is d ifficu lt to  d e tec t am ong  the  
m a n y  no rm al e lem en ts  th e  degenera ted  ones, th e re fo re  it  is h a rd ly  possible 
to  tr a c e  th e  p re te rm in a l course of th e  p re s y n a p tic  fib res , and w hen on ly  a few  
d e g e n e ra ted  p re sy n a p tic  f ib re s  are p resen t, th e se  m e th o d s m ay lead  to  serious 
e rro rs . T he N a u t a  m e th o d s , on th e  o th e r h a n d , a llow  to  suppress s ta in in g  o f  
th e  n o rm a l e lem en ts , w ith  th e  resu lt th a t  d e g e n e ra te d  fragm en ts a re  easily
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d e te c te d  on th e  pale b a c k g ro u n d . U n fo rtu n a te ly , th e  pale  s ta in in g  of no rm al 
fib res as well as cells m akes i t  d ifficu lt to  ju d g e  how  th e  d eg en e ra ted  e lem en ts  
te rm in a te . W e th e re fo re , as a ru le  ad o p ted  th e  use o f  b o th  ty p es o f m e th o d s 
in  a lte rn a tin g  sec tions o f th e  sam e m ate ria l.

F o r in v es tig a tio n  o f “ rem ain in g  e lem en ts” , tw o o p era tiv e  p rocedures 
were developed . In  th e  f ir s t ,  th e  ‘■‘‘isolated, sp in a l segment preparation  ’, the  
cauda l conus o f  th e  sp inal cord was iso la ted  by  te m p o ra ry  c rush ing  w ith  a 
rig id  w a tc h m a k e r’s forceps in tw o  levels ab o u t 5 m m  a p a r t .  The dorsa l roo t 
f ilam en ts  en te rin g  betw een  th e  tw o crushed levels w ere carefu lly  tra n se c te d .

Fig. I. Preparation of an ‘•‘■isolated ventral column”. The smaller diagram (left above) shows 
how the vascular supply of the spinal cord is influenced by the sagittal and horizontal incision 

(broken lines). The dotted area of the ventral quadrant shows the necrosed zone

By th is  p ro ced u re  a sm all p a r t  o f th e  caudal cord  is com ple te ly  iso la ted  from  
all n erv o u s connec tions, w ith  th e  excep tion  o f  th e  v e n tra l  ro o ts , th e  vessels 
of w hich fu rn ish  the blood supp ly  o f th e  iso la ted  p a r t  w ith  som e vessels 
w hich h ad  n o t been d es tro y ed  b y  the  c rush ing  or w ere soon recana lized  a f te r  
i t .  T h e  blood su p p ly  p ro v ed  su ffic ien t for th e  m a in te n a n c e  o f m ost o f th e  
n eu rons in  th e  iso la ted  seg m en t. T his p re p a ra tio n  serves only  as a con tro l 
for th e  m ain  ex p e rim e n t w ith  th e  second p re p a ra tio n , th e  “ isolated ventral 
colum n prepara tion” . T he sp ina l cord is exposed  in  th e  level o f L 6_7 and  is 
sp lit by  an  incision ab o u t 12— 14 m m  in le n g th  in  th e  m id sa g itta l p lane . 
W ith  a rig id  w a tc h m a k e r’s forceps one h a lf  is c ru sh ed  tw ice in th e  level of 
th e  u p p e r  an d  low er end  o f th e  lo n g itud ina l incision . T he dorsal p a r t  of th e  
iso la ted  h a lf  cord seg m en t is th en  rem oved to g e th e r  w ith  th e  e n te rin g  dorsal 
ro o t f ila m e n ts  in a p lane  p e rp en d icu la r  to  th e  m id sa g itta l, passing  th ro u g h



2 9 0 J . SZENTÁGOTHAI

th e  c e n tra l  canal (F ig . 1). A sep tic  cond itions m u s t be m a in ta in e d  v e ry  carefu lly  
a n d  an tib io tics  a d m in is te re d  fo r som e day s a f te r  th e  o p e ra tio n . T h e  blood 
s u p p ly , furn ished  b y  th e  v e n tra l  ra d ic u la r  vessels, and  o th e rs  n o t d estroyed  
in  th e  crushed zones, w as su ffic ien t to  keep  in  5 ou t o f 6 cases th e  m a jo rity  
o f  m o to n eu ro n s p re se rv ed . O nly  th e  m ed ia l p a r t  and  th e  c e n tra l zone of the  
a n te r io r  horn  u n d e rw e n t necrosis due to  defec tive  c ircu la tio n , as ex p la ined  
in  th e  u p p er left d ia g ra m  o f F ig . 1, b u t, as it  w ill be seen la te r , th is  is a g rea t 
a d v a n ta g e . W ith  a p p ro p r ia te  p o s to p e ra tiv e  care th e  an im als w ere alive in  
g o o d  h e a lth , m ost o f th e m  soon re lea rn ed  to  w alk  on one h in d  leg . A fte r  tw o 
m o n th s  th ey  were sacrificed  and  th e  o p e ra te d  p a r t  of th e  sp ina l cord  tre a te d  
in  tw o  d ifferen t w ays. F ro m  th e  p a r t  b e tw een  th e  crushed  zones a tra n sv e rse  
d isc  2 m m  high was exc ised , fix ed  in  n e u tra l  form ol and  frozen  sec tio n  s ta in ed  
a c c o rd in g  to  the  G r o s — S c h u l t z e  and  th e  R e u m o n t — L h e r m i t t e  m eth o d s. 
T h e  o th e r  p a rts  w ere fix e d  in  B o u rn ’s so lu tio n  an d  a fte r  em b ed d in g  in  p a ra ffin  
se r ia lly  cu t in the lo n g itu d in a l p lan e . The seria l sections w ere t r e a te d  accord ing  
to  B o d i a n ’s p ro ta rg o l m e th o d , in  o rder to  a sc e rta in  th a t  no n e rv o u s  connec­
tio n s  o f  th e  iso lated  p a r t  w ith  th e  cord rem ain ed  in ta c t.  In  th is  re sp ec t all cases 
w ere  successful, since no in ta c t  fib re  w as found  crossing th e  zone betw een  
th e  iso la te d  p a r t  an d  th e  cord .

E x c ita to ry  synapses o f sp inal m o to r n eu ro n s

E x c ita to ry  and in h ib ito ry  sy n ap tic  te rm in a ls  can  be d is tin g u ish ed  
h is to lo g ica lly  if  th e ir  p re sy n a p tic  a ffe ren t fib res  are m ade se p a ra te ly  to  
d e g e n e ra te  by  in te r ru p tin g  th e  re sp ec tiv e  p a th w ay s . I t  is ad v an ta g e o u s  th a t  
th e  l a  afferen ts o f th e  d o rsa l ro o t, o rig in a tin g  from  th e  an n u lo sp ira l ending 
o f  n eu ro m u scu la r sp ind les, a re  th e  only  ones to  e s tab lish  m o n o sy n ap tic  connec­
tio n s  w ith  the  m o to n eu ro n s. S till m ore im p o r ta n t  is th e  fa c t t h a t  th is  single 
s y n a p t ic  connection  is e x c ita to ry  on m o to n eu ro n s of th e  m uscle from  w hich 
th e  l a  affe ren t arises as w ell as on th e  m o to n eu ro n s of its  sy n erg is ts , an d  has 
b e e n  supposed  to  be in h ib ito ry  on m o to n eu ro n s o f its  a n ta g o n is ts  ( L l o y d  
[17, 19]). Since la  a ffe re n ts  o rig in a tin g  from  the  q uad riceps m uscle in  the  
c a t  e n te r  th e  spinal cord  th ro u g h  th e  ro o ts  an d  L 6, in  wdiich seg m en ts  are 
s i tu a te d  also th e  m o to n e u ro n s  o f th is  m uscle , an d  th e  m o to n eu ro n s  o f its  
c h ie f  a n tag o n is t, B iceps-S em itend inosus, are  s itu a te d  m ore cau d a lly  in  the  
le v e l L 7— Sp tra n se c tio n  o f  th e  dorsa l ro o ts  L5— L6 will p ro d u ce  secondary  
d e g e n e ra tio n  of th e  e x c ita to ry  synapses a round  th e  m o toneu rons o f  th e  sam e 
s e g m e n ts .

W e had  firs t p e rfo rm ed  th is  ex p erim en t m an y  years  ago, w hen  n o th in g  
w as k n o w n  of th e  im p lica tio n s  m en tio n ed  [28]. I t  is th e re fo re  im p o r ta n t  to  
fo cu s o u r  a tte n tio n  on som e d e ta ils  as n u m b er, size, d is tr ib u tio n  on th e  cell



THE ANATOMICAL BASIS OF SYNAPTIC TRANSMISSION OF EXCITATION 2 9 1

Fig. 2. Degeneration of preterminal fibres in motor nuclei, a) Motor horn in L5 after transec­
tion of the dorsal root in the same segment, b) 3rd nerve nucleus after transection of the 
posterior longitudinal fasciculus in pontine level, c) 3rd nerve nucleus after lesion of the inter­
stitial nucleus of Cajal.d) Degeneration of very thin fibre in the 3rd nerve nucleus after lesion 
in the region of Darkschewitsch’s nucleus. The branches of this fibre are invisible under the 
light microscope. High power micrograph. Nauta’s method, a -  c magnification X750,

d X3000
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s u r fa c e , g rouping, p re te rm in a l  b ran ch in g  e tc . o f the  d e g e n e ra ted  sy n ap tic  
te rm in a ls  a fte r tra n se c tio n  o f dorsal ro o ts , th e  significance o f w h ich  h ad  at 
t h a t  t im e  n o t been k n o w n . A fte r  ra d ic o to m y  in  L 5 or L6 th e  n u m b e r o f  d eg en er­
a te d  te rm in a l knobs on m o to n eu ro n s  o f  th e  sam e segm ents is sm all in  co m p ar­
iso n  w ith  th e  large n u m b e r  o f m an y  h u n d re d  end -fee t covering  e ach  neu ron . 
I n  N a u t a  p rep a ra tio n s , a t  f ir s t  s igh t (F ig . 2a) degenera tion  a p p e a rs  to  be 
a b u n d a n t ,  b u t th is  is d u e  to  th e  d e g e n e ra ted  frag m en ts  of p re sy n a p tic  te rm in a l 
f ib re s ,  w hich are ta k in g  p a r t  in  th e  in te rc e llu la r  m eshw ork o f th e  v e n tra l 
h o rn  nucle i. Since n o rm a l fib res  are  p o o rly  s ta in ed  in  th ese  p re p a ra tio n s , 
th e  d e g en e ra ted  fra g m e n ts  d o m in a te  th e  p ic tu re . In  B ielschowsky ty p e  
p re p a ra t io n s ,  w here due  to  com plete  s ta in in g  o f th e  no rm al s tru c tu re s  the 
d e ta i l s  can  be s tu d ied  m ore  fav o u rab ly , an d  degenera tion  o f th e  p re sy n a p tic  
f ib re s  can  be d is tin g u ish ed  from  th a t  o f t ru e  te rm in a l knobs, g en e ra lly  only 
o n e  o r tw o d eg enera ting  kno b s are  d e te c te d  p e r m otor cell. C onsidering  th a t  
o n e  m o to r  cell and  th e  p ro x im a l p a r ts  o f i ts  den d rites  will a p p e a r  in  ab o u t 
5 s lid e s  of 15—20 ц  th ic k n e ss , an d  w hen  allow ance is m ade fo r h a l f  o f th e  
e n d - fe e t  in the s ta te  o f  seco n d ary  d eg en e ra tio n  left u n s ta in ed  or o therw ise 
u n d e te c te d ,  the  n u m b e r o f  te rm in a l kno b s belonging  to  th e  m o n o sy n ap tic  
p a th w a y  of a whole d o rsa l ro o t will a m o u n t in th e  segm ent o f i ts  en tran ce  
to  n o t  m ore th a n  10— 20 p e r  m o toneu ron . —  T he bou tons te rm in a u x , which 
d e g e n e ra te  a fte r  ra d ic o to m y , belong to  th e  la rg es t found on m o to n eu ro n s . 
T h is  a lre a d y  appears in  N a u t a  p re p a ra tio n s  o f th e  large frag m en ts , in d ic a tin g  
th a t  i t  is th e  coarser p re te rm in a l fib res  w hich  are  degenera ted , th o se  w hich 
a re  k n o w n  to  te rm in a te  g en era lly  in  la rg e r endbu lbs. T hese la rg e  sy n a p tic  
te r m in a l  knobs are g en e ra lly  reach in g  th e  p ro x im a l p a r ts  of th e  m a in  d e n d rite s , 
th e n  th e y  are ru n n in g  fo r a w hile p a ra lle l w ith  th e  d en d rite s , occasionally  
fo rm in g  one or tw o sy n a p tic  en la rg em en ts , so called “ e n -p a ssa n t”  co n ta c ts , 
f in a l ly  to  te rm in a te  som ew here  n ea r th e  o rig in  o f th is  d en d rite  on th e  som as 
s u rfa c e . B ranch ing  o f  th e se  te rm in a ls  is n o t  freq u en t. This c h a ra c te r is tic  
c o u rse  o f  th e  la rger sy n a p tic  te rm in a l f ib re s  is beau tifu lly  d e m o n s tra te d  in 
Ca j a l ’s [4] fam ous d raw in g  (F ig . 22). I t  is also w o rth  m en tion ing  th a t  d eg en er­
a te d  te rm in a l knobs, w hich  belong  to  d iffe ren t p resy n ap tic  fib res , a re  n ev er 
s i tu a te d  close on th e  su rface  of th e  sam e cell, b u t  ra th e r  w ide a p a r t .

A s regards th e  n u m ero u s  o th e r te rm in a l  knobs s itu a te d  on th e  surface 
o f  th e  m o toneurons, i t  is n o t possible to  d e te rm in e  d irec tly  w h e th e r  th e y  
a re  e x c ita to ry  or in h ib ito ry  in  n a tu re . W e th e re fo re  shall n o t p a y  fu r th e r  
a t t e n t io n  to  them .

E x c ita to ry  sy n a p se s  o f  o c u lo m o to r  n e u ro n s

T h e  situ a tio n  is fa r  m ore  fav o u rab le  w ith  oculom otor n e u ro n s  th a n  
w ith  th o s e  in th e  sp in a l co rd . H ere  we h av e  an  ex trem ely  pow erfu l p a th w a y ,
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w ith  on ly  e x c ita to ry  synapses on m o to n eu ro n s. I t  is well know n th a t  th e re  
is a b i-sy n ap tic  p a th w a y  be tw een  v e s tib u la r  re c e p to rs  and  ex trao cu la r m uscles. 
On s tim u la tin g  v e s tib u la r  recep to rs , especially  th e  c ris ta e , ex c ita to ry  responses 
are  e lic ited  of som e m uscles and  in h ib ito ry  re sp o n ses  o f o thers. I f  th e  p o s te r io r  
lo n g itu d in a l fasc icu lus is tra n se c te d  in  a level above th e  abducens n uc leus 
e x c ita to ry  (b i-sy n ap tic ) responses are  ab o lished , in h ib ito ry  ones p re se rv e d  ; 
on th e  c o n tra ry , i f  in  th e  sam e level a tra n se c tio n  is m ade leaving in ta c t  th e  
p o ste rio r  lo n g itu d in a l fascicu lus, b u t d e s tro y in g  its  ne ighbourhood , th e  
e x c ita to ry  responses a re  p reserved  and th e  in h ib ito ry  ones abolished (Szen t- 
Ágothai [32, 34]). F ro m  th is  i t  follows th a t  im pulses fina lly  re su ltin g  in  
e x c ita tio n  of o cu lom oto r neurons trav e l from  th e  v es tib u la r nuclei u p w ard  
w ith in  th e  p o ste rio r  lo n g itu d in a l fasciculus, w hile im pulses th a t  fin a lly  cause  
in h ib itio n  of o cu lo m o to r cells are  ascending som ew here  ou tside th is  fa sc icu lus. 
I f  th e re fo re  th e  p o s te r io r  lo n g itud ina l fascicu lus is tran sec ted  at a p o n tin e  
level, any  d e g e n e ra ted  synapse  in th e  3rd or 4 th  n e rv e  nuclei m ay  safe ly  he 
considered as b e in g  e x c ita to ry .

I t  is know n th a t  th e  synapses of o cu lo m o to r neurons are ex ceed in g ly  
large in  low er v e r te b ra te s  [12] ; w hen co m p ared  w ith  th e  te rm in a l k n o b s 
o f o th e r , ex p ec ia lly  sp in a l m o toneurons, th e y  a re  re la tiv e ly  large also in  
m am m als. T he p re te rm in a l fib res of these  la rg e  te rm in a l knobs a re  coarse  
and  genera lly  re a c h  th e  m o toneu ron  su rface  n e a r  th e  origin o f th e  m a in  
d en d rite s . H ere  th e y  d iv ide once or tw ice an d  te rm in a te  a fte r  som e la rg e  
“ en -p assan t”  c o n ta c ts , w ith  large b o u tons te rm in a u x  ab o u t 4— 5 fj, in  d ia m e te r . 
O ften  n o t only  th e  te rm in a l or “ en -p assan t”  k n o b s , b u t  also som e lo n g er p a r t  
o f th e  p re te rm in a l a ffe ren t estab lishes a close p a ra lle l co n tac t w ith  th e  m o to ­
neuron  surface. —  O f course, no t all b o u to n s te rm in a u x  are so la rg e , a b o u t 
h a lf  o f the  k n obs b e in g  o f reg u la r size, m easu rin g  1— 2 /и in d iam e te r.

A fte r tra n se c tio n  o f  th e  po ste rio r lo n g itu d in a l fasciculus a t  th e  p o n tin e  
level, p rac tica lly  a ll o f  th ese  large end-feet an d  th e ir  p re te rm in a l fib res u n d erg o  
seco n d ary  d eg en e ra tio n . T h is can be seen also fro m  th e  v e ry  large frag m en ts  
found in  N auta  p re p a ra tio n s  (F ig. 2b). T h is is even m ore a p p a re n t w hen  
th is  k ind  of d eg en e ra tio n  is com pared  w ith  t h a t  resu ltin g  from  th e  lesions 
of th e  in te rs ti t ia l  n uc leus o f  Cajal , or tra n se c tio n  o f the posterio r lo n g itu d in a l 
fascicu lus o ra lly  fro m  th e  3rd nucleus. N u m ero u s  fib res, very  p ro b a b ly  also 
e x c ita to ry  in n a tu re ,  descend from  th is  n uc leus to  the oculom otor n eu ro n s , 
W'here th e y  te rm in a te  w ith  sm all or m ed ium  sized  te rm in a l knobs, as i t  ap p e a rs  
also in  N auta  p re p a ra tio n s  (F ig. 2c) from  th e  sm alle r size of th e  fra g m e n ts . 
T he in te rs ti t ia l  n uc leus o f  Cajal is, acco rd ing  to  ou r earlie r in v es tig a tio n s , 
one o f th e  p re m o to r  re lay  nuclei, convey ing  co rtica l and  o th e r im pu lses to  
o cu lo m o to r n eu ro n s  [30, 31].
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In h ib ito ry  synapses o f  sp in a l m otoneurons

T h e  favourab le  s itu a tio n  w ith  l a  m u scu la r afferen ts o f d o rsa l ro o ts  
in  L- 6 p roducing  e x c ita tio n  in th e ir  ow n seg m en t and  in h ib itio n  o f m o to ­
n e u ro n s  in  th e  second low er segm en t w ou ld  p rov ide  an  excellen t m ean s to  
s tu d y  in h ib ito ry  sy n ap ses , if  a d ire c t in h ib ito ry  m o n o sy n ap tic  p a th w a y  
w o u ld  rea lly  ex ist, as i t  has been  g en era lly  supposed. E a rlie r  h isto log ica l 
in v e s tig a tio n s , how ever, d id  no t su p p o rt th is  view , since a f te r  tra n se c tio n  
o f  th e  dorsal roo t L ? no d eg en era tio n  o f  synapses a round  m o to n eu ro n s  of 
L 5 w as noticed [28]. L a te r , w hen th e  im p lica tio n s  of th is q u e s tio n  becam e 
k n o w n , we re in v e s tig a te d  th e  problem  m ore carefully  a fte r  tra n se c tio n  o f  
th e  d o rsa l roots L . an d  L 6. W ith  B ie l s c h o w s k y  m odifica tions we could  n o t 
f in d  a n y  d eg en era ted  syn ap ses  a round  th e  m o to n eu ro n s s itu a te d  tw o  segm ents 
lo w e r (unpub lished  o b se rv a tio n s). S p r a g u e  [29], w orking w ith  th e  N a u t a  
m e th o d , w hich, as m e n tio n e d  above, is b e t te r  su ited  for trac in g  d e g e n e ra ted  
te rm in a l  fib res if  th e ir  n u m b e r is sm all, suggests  th a t  la  a ffe ren ts  in  low er 
lu m b a r  segm ents are  g iv ing  ax o -d en d ritic  te rm in a ls  to m o to n eu ro n s s itu a te d  
in  th e  second segm en t below  th e ir  e n tra n c e . R ecen tly , we have s tu d ie d  the 
sa m e  question  again  w ith  N a u t a ’s m eth o d  and found a fte r  tra n s e c tio n  o f  
th e  d o rsa l roo t L. v e ry  few  axo-som atic  k n o b s d eg en era ted  in  L 7 m o to n eu ro n s  
in  a reg ion  in w hich, acco rd ing  to  R o m a n e s  [26], Soleus m o to n eu ro n s  are  
s i tu a te d ,  ex ac tly  a t  a s i te , w here E c c l e s , E c c le s  and L u n d b e r g  [9] found  
te rm in a t io n  of e x c ita to ry  co lla tera ls o f l a  a ffe ren ts  en tering  th e  co rd  in  L-. 
T h u s  fa r , ana to m ica l ev idence  does n o t s u p p o r t th e  ex istence o f  a m o n o ­
s y n a p t ic  in h ib ito ry  p a th w a y .

In h ib itio n  of m o to n eu ro n s  is b ro u g h t a b o u t, according to  th e  in v e s tig a ­
tio n s  o f  E c c le s , F a t t , L a n d g r e n  an d  W in s b u r y  [8] and E c c l e s , F a tt  
K o k e t s u  [7] m ade w ith  th e  in tra c e llu la r  reco rd in g  techn ique , b y  th e  a c tiv ity  
o f  tw o  ty p es of specific  in h ib ito ry  n eu ro n s , one of w hich is s i tu a te d  in  th e  
in te rm ed io -m ed ia l nucleus o f Ca ja l , th e  o th e rs  be ing  th e  so-called “ R enshaw  
c e lls”  o f  the  a n te rio r  h o rn . I t  is suggested  th a t  l a  afferen ts are te rm in a tin g  
w ith  e x c ita to ry  sy n ap ses  on th e  in h ib ito ry  cells of th e  in te rm e d io -m e d ia l 
n u c le u s , th e  a c tiv ity  o f  w ich ex e rts  in h ib itio n  on m o toneurons. T his a ssu m p tio n  
is s tro n g ly  su p p o rted  b y  an a to m ica l ev id en ce . F rom  G o lg i p re p a ra tio n s  
i t  h a s  b een  know n since long th a t  co lla te ra ls  o f dorsal ro o t fib res  te rm in a te  
in  th e  in te rm ed io -m ed ia l nucleus [3;15], a n d  th e y  have been tra c e d  also w ith  
th e  a id  o f th e  b c u to n s-d eg en e ra tio n  m e th o d  [28]. —  A nother ty p e  o f in h ib itio n  
is su p p o sed  to  be p ro d u ced  by  th e  so-called  “R ensh  w-cells" s i tu a te d  in  th e  
re g io n  w here th e  v e n tra l  ro o t fib res are  co llec ted  to  leave th e  v e n tra l  h o rn . 
A c c o rd in g  to  E c c le s  an d  al. [7], th e  in it ia l  co lla te ra ls  of m o to n eu ro n  ax ons, 
a lso  w ell-know n from  G o l g i p re p a ra tio n s , ex c ite  b y  m eans of a cho linerg ic  
m e c h a n ism  the Renshaw-cells. S ho rt ax o n s of these  cells are  su p p o sed  tô
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te rm in a te  on m o to n eu ro n  som as or the  in itia l p a r ts  of the d e n d rite s  w ith  
in h ib ito ry  synapses. T h is in h ib ito ry  p a th w a y  offers an  excellent o p p o r tu n ity  
for h isto log ical contro l an d  also for the  id e n tif ic a tio n  of a t least one k in d  o f 
in h ib ito ry  synapses.

A b u n d a n t d eg en e ra tio n  of co lla terals le a d in g  to  the  in te rm ed io -m ed ia l 
nucleus is found in the e n tra n c e  segm ent a f te r  tra n se c tio n  of the  d o rsa l ro o ts  
L j or L e. T hey  c o n s titu te  a sep a ra te  bund le  ru n n in g  in  m ed ioven tra l d irec tio n  
(F ig . 3), from  the basis o f th e  dorsal horn  to w a rd s  the in te rm ed io -m ed ia l

Fig. 3. Degenerated bundle of collaterals running toward the intermedio-medial nucleus of 
Gajal. Segment L5 after transection of the dorsal root in the same segment

reg ion . A fte r a rriv in g  th e re  th ey  tu rn  u p w ard s  or dow nw ards a n d  ascend 
or descend  in the  in te rm ed io -m ed ia l reg ion , w h ere  th e y  te rm in a te  in th e  n e ig h ­
b o u rin g  an d  the  second c ran ia l or caudal seg m en ts . Some b u t n o t to o  m an y  
fib res  o f the dorsal ro o t, w hich finally  te rm in a te  in the  in te rm ed io -m ed ia l 
nucleus o f th e  n e ig h b o u rin g  segm ents, are  e n te r in g  th e  gray  co lum n o n ly  in 
th e  n e x t o r second cau d a l segm ent from  th e ir  e n tra n c e  in to  th e  co rd . T h ere  
a re  m an y  d eg en era ted  frag m en ts  around  som e in te rm ed io -m ed ia l neurons,, 
w hile in th e  neighbourhood  of o thers no d eg en e ra tio n  is noticed. T h is  is due 
v e ry  p ro b ab ly  to  tw o fac ts  ; (i) the  te rm in a l k n o b s  o f th is region a re  r a th e r
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la rg e  [11], and co n seq u en tly  th e ir  p re te rm in a l fibres are re la tiv e ly  coarse, 
(ii) one  p re sy n a p tic  f ib re  gives m ore te rm in a l  b ranches to  th e  sam e  cell or, 
a l te rn a tiv e ly , th e re  is a convergence o f d o rsa l ro o t co lla tera ls o rig in a tin g  
fro m  th e  sam e seg m en t upon  ce rta in  in te rm ed io -m ed ia te  n e u ro n s , while 
o th e r  neu rons o f th e  sam e reg ion  receive c o lla te ra ls  only from  a n o th e r  segm en t. 
I t  is  n o t  possible to  ju d g e  from  h isto log ica l p rep a ra tio n s , w hich  o f  th e  tw o 
p o ss ib ilitie s  ho lds tru e . I n  som e p re p a ra tio n s  w e could trace  a few  d e g e n e ra ted  
co lla te ra ls  in  th e  second  segm ent below  th e  tra n se c te d  ro o t, ru n n in g  from  
th e  in te rm ed io -m ed ia l nucleus along th e  m e d ia l border of th e  v e n tra l  horn  
to  th e  reg ion  w here th e  v e n tra l ro o t f ib re s  leav e  the  gray m a t te r ,  i.e. the  
re g io n  w here th e  Renshaw-cells are su p p o sed  to  be. T heir n u m b e r  being 
sm a ll, i t  was n o t possib le  to  d e te rm in e  th e  e x a c t site of th e ir  en d in g . —  So 
fa r  h isto log ica l ev idence  v e ry  m uch su p p o rts  th e  view  of E ccles e t al. on 
th e  p a th w a y  of “ d ire c t in h ib itio n ”  in th e  lo w er lu m b ar cord. U n fo rtu n a te ly , 
d ir e c t  in v estig a tio n  in to  the connections o f  th ese  specific in h ib ito ry  cells 
w ith  m o to n eu ro n s is n o t possible w ith  o u r p re se n t histological m e a n s , since 
a n y  lesion , how ever sm all and  ex ac tly  p laced  in to  the  region o f  in h ib ito ry  
ce lls , w ould cause th e  d egenera tion  o f an  uncon tro llab le  n u m b e r  o f  o th e r 
f ib re s  also te rm in a tin g  on m o toneurons.

W e, th e re fo re , m u s t base our fu r th e r  a t te m p ts  on th e  o th e r  ty p e  of 
in h ib ito ry  cells. In  ‘•‘■isolated segment p rep a ra tions”  of about 5 m m  le n g th  th e  
m o to n eu ro n s  are  fa ir ly  w ell p reserved  w ith  a la rg e  p a r t of th e ir  perice llu la r 
n e tw o rk , and  a sm all n u m b e r of m edium -sized  or sm all te rm in a l k n o b s , w ith 
th e ir  p re te rm in a l fib res  and  usual n e u ro fib r illa r  s tru c tu re  co m p le te ly  left 
in ta c t .  E specia lly  n u m ero u s  te rm in a l k n o b s a re  found a round  sm a lle r  cells 
in  th e  v e n tra l p a r t  o f th e  an te rio r h o rn . S ince all nervous e le m e n ts , found  
in ta c t  in these iso la ted  p rep a ra tio n s , m u st ta k e  th e ir  origin from  th e  neu rons 
o f  th e  iso la ted  p a r t  itse lf, these  find ings in d ic a te  th a t  m o to n eu ro n s as well 
as o th e r  sm aller n e u ro n s  w ith in  th e  v e n tra l  h o rn  receive te rm in a l  knobs 
fro m  cells s itu a te d  in th e  sam e segm ent. H o w ev er, these in ta c t n e rv e -en d in g s 
c a n n o t  be a t t r ib u te d , or a t  leas t no t all o f th e m , to  inh ib ito ry  sy n a p se s , since 
m o st o f th e  dorsal ro o t a ffe ren ts , as well as th e  longer p a th w a y s , do no t 
te rm in a te  d irec tly  on m o to r, b u t ra th e r  on in te rn u n c ia l neurons. T h ese  in te r- 
n u n c ia ls  m ust h av e  n u m ero u s e x c ita to ry  sy n ap ses  on m o to n eu ro n s also of 
th e  sam e  segm en t. B y  physiological (L l o y d  [18 ]), as well as a n a to m ic a l 
m e a n s  [33], th e  m a in  m ax im u m  le n g th  o f  th e se  in te rn u n c ia ls  (descend ing) 
h a s  b een  d e te rm in ed  to  be ab o u t th ree  seg m en ts , b u t n a tu ra lly  n o th in g  can 
be  sa id  on th e  sh o rte s t d is tan ce , w hich is b r id g e d  b y  ex c ita to ry  in te rn u n c ia ls . 
T h e re  is, how ever, no reaso n  to  deny  th e  ex is te n c e  of e x c ita to ry  co n n ec tio n s 
b e in g  n o t  longer th a n  th e  d is tan ce  b e tw een  th e  d o rsa l horn  or th e  in te rm e d ia te  
re g io n  and  th e  m o to n eu ro n s  o f th e  sam e lev e l. T h e  findings in  th e se  iso la ted  
s e g m e n t p re p a ra tio n s  th e re fo re  only serve as con tro ls , w hich in d ic a te  th a t
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the  iso la tio n  of a sm all p a r t  o f th e  sp inal co rd  does not n ecessa rily  le ad  to  
d eg e n e ra tio n  or a tro p h y  o f th e  te rm in a l k n obs o f m otor ra d ic u la r  cells.

W ith  th e  ‘■‘■isolated ventral horn prepara tion”  th e  s itu a tio n  is co m p le te ly  
d iffe re n t. In te rn u n c ia l n eu ro n s are  p re se n t in  th e  v en tra l h o rn , b u t  th e ir  
m a jo r ity  is s itu a te d  in  th e  m ed ia l and  th e  c e n tra l p a r t  of the  v e n tra l  co lum n . 
O n th ese  cells descending  longer p a th w a y s , —  especially  th e  te c to -sp in a l, 
in te rs titio -sp in a l and , v e ry  p ro b ab ly , also th e  re ticu lo -sp ina l t r a c ts ,  —  te rm i­
n a te . T he m edial in te rn u n c ia ls  o f th e  v e n tra l  h o rn  are  giving sy n a p se s  m o stly  
to  m o to n eu ro n s of th e  c o n tra la te ra l  side, on ly  th e  cen tra l ones fo r th o se  of 
th e  ip s ila te ra l side [33]. V ery  fo r tu n a te ly , in  o u r iso lated  v e n tra l  h o rn  p re ­
p a ra tio n s , because of th e  in su ffic ien t blood su p p ly  due to  the s a g it ta l  inc ision , 
by  Avhich th e  ch ief vessels o f th e  g ray  m a tte r  en te rin g  from  th e  d e p th  o f  th e  
a n te r io r  m ed ian  fissure  are  d estro y ed , on ly  th e  la te ro v e n tra l h a l f  o f  th e  
a n te r io r  h o rn  rem ains in ta c t  (F ig . 1 le f t, to p ) , th is  being su p p lied  by  th e  
a n te r io r  ra d ic u la r  and  p ia i vessels. T h ere fo re , in  these  p re p a ra tio n s  a lm o st 
exclusively  tru e  m o to n eu ro n s an d  som e sm alle r cells rem ain  in ta c t ,  w hich  
a re  s itu a te d  betw een the  v e n tra l roo t fib res  g a th e rin g  before le av in g  th e  g ray  
m a tte r . A ny  te rm in a l fib re  or sy n a p tic  te rm in a l fourni in ta c t in th is  p re p a ra t io n  
m u s t e ith e r  belong to  m o to n eu ro n s or to  th e  so called Renshuiv-cells", so 
th a t  a n y  sy n ap tic  s tru c tu re  on m o to n eu ro n s m u st —  if th e  co n cep tio n  
o f E ccles, F att and  K oketsu  [7] is co rrec t —  be considered as an  in h i­
b ito ry  one.

H ow ever carefu lly  we s tu d ied  several h u n d re d  o therw ise fa ir ly  in ta c t  
m o to n eu ro n s  in  ‘•‘■isolated motor horn prep a ra tio n s" , only o ccasionally  w as an 
in ta c t  te rm in a l knob  fo und . In  th e  r a th e r  sparse  in te rce llu la r n e tw o rk  n e v e r th e ­
less m a n y  ex trem ely  fin e  fib res  w ere found  in ta c t ,  w hich on th e  b as is  o f  th e ir  
s ta in in g  p ro p ertie s  an d  genera l h isto log ica l c h a ra c te r  were c o n s id e red  as 
te rm in a l ram ifica tio n s o f axons. T h e ir d ia m e te r  w as generally  e x tre m e ly  sm all, 
som e te n th s  o f a m icron or even less, so th a t  o ften  th e y  Avere h a rd ly  v isib le  
w ith  th e  h ighest reso lv ing  pow er of th e  lig h t m icroscope. D uring  th e ir  course 
th e y  occasionally  form ed s tra n g e  coils, so th a t  th e y  resem bled in ta c t  te rm in a l 
fib res  fo u n d  in Clarke’s co lum n a fte r  co m p le te  d ea ffe ren ta tio n  o f  th e  low er 
co rd  (Szentágothai an d  A lbert [36]).

T he re la tio n  of th e se  fin e  in ta c t  fib res  to  th e  m otoneuron  s o m a ta  and  
p ro x im a l p a r ts  o f th e  d en d rite s  is o ften  v e ry  in tim a te . S o m etim es a rea l 
m eshw ork  o f such ex trem e ly  fin e  fib res even ap p ears  closely to  e n v e lo p  the  
su rface  o f  th e  m o to n eu ro n  (F ig . 4). —  T hese fib res  generally  pass u n se e n  in 
n o rm al s ilv e r s ta in ed  p re p a ra tio n s , because th e  p ic tu re  is d o m in a te d  b y  th e  
co a rse r p re te rm in a l b ran ch es o f th e  te rm in a l k n o b s , and  also as v e ry  p ro b a b ly  
th e y  a re  m ostly  no t s ta in e d  in  no rm al m a te r ia l, th e  availab le  s ilv e r  be ing  
co n su m ed  d u ring  the  re d u c tio n  process b y  th e  la rg e r nervous s tru c tu re s  w ith  
s tro n g e r  a rg en ta ff in ity , as o ften  experienced  in  sim ilar cases.

О Acta Morphologica VIII/3.
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Fig. 4. Motoneuron of an isolated ventral column preparation, 2 months after isolation. Intact 
very fine terminal fibres with characteristic “ coils” , no terminal knobs

O n the  sm aller cells s i tu a te d  ven tro m ed ia l fro m  th e  m otoneuron  g roups, 
g e n e ra lly  betw een th e  g a th e r in g  bundles of th e  v e n tra l  ro o t fib res, i.e. e x a c tly  
w h e re  th e  Renshaw-cells a re  located  by  th e  p h y sio lo g is ts , com pletely  in ta c t  
te r m in a l  knobs w ere fo u n d  w ith  th e ir  u su a l n eu ro fib rilla r  s tru c tu re  and  
sm o o th ly  contoured p re te rm in a l  afferent f ib re s  (F ig . 5). On one cell sev e ra l
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in ta c t  te rm in a l knobs w ere found , v e ry  p ro b a b ly  belonging  to  d if fe re n t 
p re te rm in a l fib res. —  T his n o t on ly  in d ica tes  t h a t  th e  lack  of b ou tons t e r m i ­
n au x  a ro u n d  m oto n eu ro n s is n o t due  to  som e fa ilu re  o f  th e  s ta in ing  te c h n iq u e , 
th e  p o ssib ility  of w hich in  case o f a neg a tiv e  r e s u lt  w ith  silver p re p a ra tio n  
has a lw ays to  be considered  w ith  th e  u tm o s t c a re , b u t  also th a t  te rm in a l

F ig .  5 . Intact terminal knobs of Rensh aw cell. A. The circle shows situation of the nerve 
cell presented in B.; C. shows high power micrograph of two terminal knobs

knobs can su rv ive  in such p re p a ra tio n s  u n d a m a g e d , if  on ly  th e ir  cells o f o rig in  
a re  p reserved .

F ro m  these  f in d in g s th e  p re lim in ary  conclusion  can be d raw n  t h a t
(i) th e  an a to m ica l s itu a tio n  seem s to  be in  co m p le te  accordance w ith  th e  
p a th w ay s  o f th e  so called  “ an tid ro m ic  in h ib itio n ”  as p o stu la ted  by  E c c l e s , 
F att  and  K o k e t su  [7] up  to  the  p o in t o f th e  Renshaw-cells ; an d  (ii) t h a t  
in h ib ito ry  in fluence —  a t  le a s t w h a t concerns a n tid ro m ic  in h ib itio n  —  is 
n o t e x e rte d  upon m o to n eu ro n s  b y  o rd in a ry  b o u to n s  te rm in a u x  of a n y  k in d  
or lo ca liza tion .
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I n h ib i to r y  sy n a p ses  o f  o c u lo m o to r  n e u ro n s

As a lready  m e n tio n e d  in  th e  in tro d u c tio n , th e  an a to m ica l c ircu m stan ces 
fo r  in v es tig a tio n  o f  in h ib ito ry  synapses a re  m uch  m ore fa v o u ra b le  in  th e  
o cu lo m o to r nucleus. V e s tib u la r  im pu lses, th a t  fina lly  re su lt in  in h ib itio n  
o f  ocu lom otor n e u ro n s , tra v e l som ew here o u ts id e  the  p o ste rio r lo n g itu d in a l 
fa sc icu lu s  p ro p er an d  a re  d irec tly  conveyed  to  neurons of th e  a n te r io r  cen tra l 
g ra y  m a tte r  o f th e  m id b ra in , especially  th o se  of D arkschew itsch’s nucleus. 
E le c tr ic  s tim u la tio n  o f  th is  region co m p le te ly  inh ib its  even  th e  s tro n g est 
re f le x e s  of e x tra o c u la r  m uscles to  c u rre n ts  a rtif ic ia lly  evoked  in  th e  sem i­
c irc u la r  ducts (Szentágothai and  Scháb [37]). T he situ a tio n  h ere  is co m p le te ly  
a n a lo g o u s  to  th e  sp in a l p a th w a y  of l a  a ffe re n ts , w ith  the  on ly  d iffe ren ce  th a t  
se c o n d a ry  ascending  v e s tib u la r  neurons a re  g iv ing  d irec t e x c ita to ry  co lla te ra ls  
to  o cu lom oto r n eu ro n s, o th e rs  ascending  o u ts id e  th e  fasciculus ex c ite  specific 
in h ib ito ry  sho rt n eu ro n s  in  th e  reg ion  o f  D arkschewitsch’ n u c leu s. A fte r 
le s io n s  w ith in  th e  la te ra l  v e s tib u la r  n u c leu s , ab u n d a n t sings o f  d e g e n e ra ted  
sy n a p se s  are found  a ro u n d  m an y  cells o f  th is  reg ion , th e  c h a ra c te r  o f w hich 
in  a ll respects  resem bles the  d eg en era tio n  fo u n d  in  the in te ro m e d ia l nucleus 
o f  Cajal  afte r tra n se c tio n  o f dorsal ro o ts . S ince no o th e r fib res  o rig in a tin g  
in , o r tran sv ersin g , th e  nucleus of D arkschewitsch  are ru n n in g  to  o r th ro u g h  
th e  oculom otor nucleus, an y  sings of d e g e n e ra tio n  a fte r lesion o f  th e  fo rm er 
re g io n , found  a ro u n d  ocu lom oto r n eu ro n s, cou ld  safely be co n sid e red  as th e  
r e m n a n ts  of in h ib ito ry  synapses. — In  a p rev io u s s tu d y  [32] we h a d  a lread y  
s o u g h t signs of d eg e n e ra tio n  in  such cases w ith  the  aid o f B ielschow skv  
te c h n iq u e s , b u t could f in d  none ; i.e. no d eg en era tio n  of b o u to n s te rm in a u x . 
T h e  N auta  m eth o d  b e in g  m ore su itab le  w hen  th e  num ber o f d eg en e ra ted  
e le m e n ts  is sm all, th is  q u estio n  was re in v e s tig a te d . A very  care fu l selection  
o f  o u r  ex p e rim en ta l m a te r ia l was necessary  to  a sce rta in  th a t  n e ith e r  th e  p o s te ­
r io r  com m issure, n o r th e  p re te c ta l reg ion  or th e  in te rs titia l nucleus o f  Cajal 
a n d  th e  posterio r lo n g itu d in a l fasciculus w ere severed, since th e se  nuclei 
a n d  t r a c ts  are know n to  c o n tr ib u te  p re sy n a p tic  ex c ita to ry  fib res  to  th e  oculo­
m o to r  nuclei. All cases in  w hich the lesion  h a d  how ever sligh t a ffec ted  these  
re g io n s , were d iscard ed . Those considered  above  (5 cases), w ere all cases of 
iso la te d  lesions of th e  a n te r io r  cen tra l g ra y  m a t te r  o f the m id b ra in , im m ed ia te ly  
a n te r io r  and ro s tra d  fro m  the ocu lom oto r nucleus. The b o rd e r o f  th e  lesion 
in  o n e  case was as n e a r  as 200 [i to th e  a n te rio -d o rsa l border o f th e  3 rd  nucleus 
(E d in g e r — W estphal div ision).

Sings of d e g en e ra tio n  of very  fin e  fib re s  were in those cases de tec ted  
in  th e  oculom otor nuc leu s, in  N auta p re p a ra tio n s  and la te r , k n o w ing  w hat 
to  look  for, also in  p re p a ra tio n s  t r e a te d  acco rd ing  to th e  B ielschow sky  
m o d ifica tio n s . T he f ib re s  undergo ing  d eg en e ra tio n  are m ostly  n e a r  to  the 
l im its  o f  th e  reso lv ing  pow er o f th e  b e s t oil im m ersion  system s. T h e ir  d eg en e r­
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a te d  fra g m e n ts  are sm all an d  n o t easily found , on ly  occasionally  can th e  b e a d e d  
fra g m e n ts  be recognized well (F ig . 2d), b u t  th e  f in e r  b ranches of th e se  d e g e n ­
e ra te d  fib res  soon escape o b se rv a tio n . A com parison  w ith  th e  signs o f d e g e n e r­
a tio n  in I he sam e nucleus a f te r  lesions of th e  v e s tib u la r nuclei (F ig . 2b), 
p h o to g ra p h e d  w ith  one fo u rth  of th e  m ag n ifica tio n  used in Fig. 2d, g ives an 
im pression  of th e  d ifferences in  size betw een  th e se  fib res and  th e  e x c ita to ry  
te rm in a l knobs and  th e ir  p re te rm in a l b ranches. M ost of the d e g e n e ra ted  f in e  
fib res  are  descending  th ro u g h  th e  oculom otor nucleus in do rso -ven tra l d ire c tio n , 
to  fo rm  fin a lly  a sparse  n e tw o rk  in  th e  reg ion  w here th e  in itia l seg m e n ts  of 
th e  ocu lom otor axons begin  to  g a th e r before leav ing  the  gray  m a tte r .  T he 
n u m b e r of these fine d eg en era ted  fib res is, how ever, too  sm all to  allow  a c lear 
im pression  of th e  m ode o f th e ir  te rm in a tio n . U n fo rtu n a te ly , th e y  escape  
o b se rv a tio n  u n d er th e  lig h t m icroscope in  th e  course of th e ir  b ran ch in g . T h e ir  
re la tio n  to  som e m otoneurons seem s to  be fa irly  close, and  even m ore so w ith  
th e  in itia l p a r t  o f th e ir  axons, b u t  no te rm in a l fo rm a tio n  was d e te c te d  w hich  
could  have  been considered  as som e sy n ap tic  con n ec tio n  w ith  th e  in i t ia l  seg ­
m e n t o f th e  m otoneuron  ax o n , e.g . sp irals, e tc .

Discussion

The resu lts  p resen ted  suggest th a t  p a th w a y s  conveying  e x c ita to ry  
im pulses te rm in a te  on m o to n eu ro n s w ith  com m on te rm in a l knobs. N o spec ia l 
loca liza tion  of the  knobs belonging  to  a ce rta in  p re sy n ap tic  p a th w a y  h a s  b een  
n o ticed  in  m o toneu rons. T he e x c ita to ry  co lla te ra ls  o f lower lu m b ar la  a f fe re n ts  
give only few p re te rm in a l b ran ch es to  th e  sam e m otoneuron , and  excessive  
b ra n c h in g  o f a co lla tera l for d iffe ren t m o to n eu ro n s in th e  sam e level seem s 
also im probab le . T hey  te rm in a te  on m o to n eu ro n s w ith  th e  la rg es t ty p e  o f 
te rm in a l knobs on the  som a su rface , a f te r  one or tw o “ en -p assan t”  c o n ta c ts , 
g en era lly  e s tab lished  w ith  th e  p roxim al p a r ts  o f  th e  m ain  d en d rite s . B efore 
te rm in a tin g , th ey  on ly  occasionally  b ran ch  once or tw ice for th e  sam e m o to ­
n eu ro n . T erm in a l knobs, be longing  to  d iffe ren t colla terals of l a  a f fe re n ts  
o f th e  sam e segm en t, are  n ev er localized on th e  sam e m otoneuron  close to  
one a n o th e r , b u t are sc a tte re d  w ide a p a rt over th e  cell surface. T h is f in d in g , 
d e m o n s tra te d  by  us m an y  y ea rs  ago [28], in d ica te s  th a t  a s tra teg ic  g ro u p in g  
o f te rm in a l knobs, in c o n tra s t to  th e  a ssu m p tio n  of Lorente de NÓ [22], 
c a n n o t be o f significance for sp a tia l su m m atio n  in  the case of tra n sm iss io n  
o f e x c ita tio n  from  la  a ffe ren ts  to  m otoneurons. —  T his again is in fa ir  a c c o rd ­
ance w ith  the re su lts  o f in tra c e llu la r  reco rd ing , especially  w ith  th e  c o n s ta n t  
tim e  course of th e  e x c ita to ry  p o s tsy n ap tic  p o te n tia l and  th e  th e o ry  o f  o rig in  
of th e  im pulse in th e  in itia l segm en t of th e  m o to n eu ro n  axon (E ccles  [6 ]) . 
T he sm all n u m b er o f te rm in a l knobs p er m o to n eu ro n  belonging to  th e  la  
a ffe ren ts  o f  a Avhole seg m en t is d ifficu lt to  ex p la in . M aking allow ance fo r all
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d ifficu lties in e s tim a tin g  th e  num ber o f  d e g e n e ra te d  sy nap tic  en d -fee t, th is  
n u m b e r  canno t be  m o re  th a n  10—20 p e r  m o to n eu ro n . This w ould  b a re ly  
su ffice  to  secure s p a t ia l  sum m ation , —  in  absence of m ajo r in te rn u n c ia l 
b o m b a rd m e n t, —  consid erin g  th a t ,  a cc o rd in g  to  in te rce llu la r reco rd ing , 
a b o u t ten  im pulse m u s t converge in a m o to n e u ro n  in  order to  p ro d u ce  a post- 
sy n a p tic  p o ten tia l h ig h  enough to  g e n e ra te  an  im pulse (B rock e t  al. [1]). 
T h e  m ean m in im um  size of p o stsynap tic  p o te n tia ls  being 1 mV, i.e. th e  post- 
sy n a p tic  p o ten tia l g e n e ra te d  by  one p re s y n a p tic  fib re , and  th e  th resh o ld  
fo r  im pulse g en e ra tio n  o f  m otoneurons a b o u t 10 mV, i t  is d ifficu lt to  im agine 
h o w  a m axim al v o lley  fro m  a muscle n e rv e  c a n  secure effective sp a tia l  su m ­
m a tio n , even if  i t  is a ssu m ed  th a t  th e  m a jo r  p a r t  o f th e  la  sy n a p tic  knobs 
on  an y  m o toneu ron  o rig in a te s  from th e  sa m e  m uscle nerve. B u t th is  w ould 
b e  again  in co n sis ten t w ith  the fact th a t th e  sa m e  m otoneuron  can be a c tiv a te d  
b y  th e  la  a ffe ren ts  o f  d ifferen t m uscles. S om e o th e r ex p lan a tio n  m igh t be 
n ecessa ry  before th e  e x a c t  mode of tra n sm iss io n  of ex c ita to rv  im pulses and 
espec ia lly  of sp a tia l su m m atio n  will s a tis fa c to r ily  be understood  (c . f . Lloyd 
a n d  McI ntyre [21] ; H unt  [13] on t r a n s m i t te r  p o ten tia lity ).

The d ifference b e tw e e n  the  m ode o f  sy n a p tic  articu la tio n  of the sam e 
l a  afferen ts w ith  m o to r  and  Clarke n u c le u s  neurons is qu ite  rem ark ab le  
(S zentágothai an d  Alber t  [36]). In  th e  l a t t e r ,  v e ry  long p ara lle l an d  series 
o f  “ en -p assan t”  c o n ta c ts  betw een the p re s y n a p tic  fib re  and  the  p o s tsy n a p tic  
so m a-d en d ritic  su rface  a re  dom inan t. T h e  p re sy n a p tic  fib res are o ften  coarse 
a n d  are b ranch ing  ex cessive ly  for th e  sam e  Clarke neuron . T hey  o ften  t e r ­
m in a te  w ith e x tre m e ly  la rg e  boutons te rm in a u x  on th e  cell som as. S im ilarly  
v e ry  large te rm in a l k n o b s , b u t no para lle l c o n ta c ts , have recen tly  b een  found 
in  th is  lab o ra to ry  b y  R o z so s  [27] am ong th e  synapses of p rim a ry  afferen ts 
w ith  th e  neurons o f  B urdach ’s nucleus. F o r  b o th  typ es of synapses th e  high 
p ro b a b ility  of im p u lse  tran sm issio n , i.e. a re la t iv e  lack  of sp a tia l su m m atio n , 
a re  ch a rac te ris tic  (L lo yd  and McI ntyre  [20] ; T herman [38]). I t  m igh t, 
th e re fo re , be in te re s tin g  to  s tu d y  the sig n ifican ce  of th e  size of th e  a rtic u la tio n  
su rface  areae for s y n a p t ic  transm ission  o f im pu lses.

One is generally inclined to consider synapses with large contact surface between two 
neurons as those with high probability of transmission and the reverse. This is especially 
apparent in some synapses without any convergence. Beautiful examples of such synapses 
are found in invertebrates ( B ullock  [2] ; Y o u n g  [411) in which spatial summation being 
impossible, the transmission of any presynaptic impulse is certain. The same kinds of synapses 
also occur in vertebrates. The basket-like or cup-like synapses in the dorsal cochlear or the 
trapezoid nuclei, and the similar synapses in the ciliary ganglia of reptiles and birds first 
described by Lenhossék [16], are mostly synapses of 1 : 1 relation between pre- and post­
synaptic neurons. The contact surface in all these is large and involves a considerable fraction 
(30 — 50%) of the postsynaptic cell surface. Strangely, all these are lacking dendrites, or have 
very short irregular ones, which often develop only late in life. — According to the modern 
concepts of synaptic transmission (E ccles [6]), an excessive enlargement of the synaptic 
contact surface would render the transmission mechanism ineffective due to large cleft resist­
ance relative to membrane resistance. The synaptic cleft, according to electron microscope 
pictures, seems to have a universal width of about 200 Â. — From some histological descrip­
tions of these large synapses the conclusion might be drawn that however large the synaptic
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contact surface in these cases, it is not a closed surface, but, due to the excessive branching 
of the presynaptic terminal, divides into thin elongated contact stripes. More close cytological 
analysis has, however, shown,— at least in the case of the ciliary ganglion synapses of birds, — 
that the synaptic articulation surface is in reality much larger and also more closed than 
appears from silver preparations [35], the main portion of the presynaptic terminal being 
built up by non-argentaffine plasma. In the ciliary ganglion synapses of birds we even detected 
fine, non-argentaffine branches of the presynaptic terminal, which protude into deep channels 
of the postsynaptic cell body. — It is perhaps important to mention that all these synapses 
with excessively large articulation surface are known as excitatory. — In order better to under­
stand the significance of the size and arrangement of terminal knobs on motoneurons it will 
be necessary to study the mode of synaptic transmission in these large-surface synapses with 
the aid of modern microphysiological methods.

Concerning the synapses of inhibitory function, our knowledge is even less satisfactory. 
When direct inhibition had become known, and even more before that time, it was generally 
supposed that the same presynaptic fibres are giving off excitatory collaterals to the moto­
neurons of one muscle, and inhibitory ones to the motoneuron pool of its antagonist. Thi*, 
however, is made rather improbable by two theoretical points. If synaptic transmission occurs 
by the action of some specific transmitter substance, the principle of Dale [5] must be applied, 
according to which the same chemical transmitter is released from all synaptic terminals of 
the same neuron. Support has been given to this principle by recent advances in the biology 
of nerve cells, especially on the mode of constant reproduction of neuroplasma in and in the 
neighbourhood of the nucleus [14], and its constant distal flow in the axons [39], a well as 
the important rôle played by mitochondria in nerve terminals. These circumstances all in­
dicate that the neuron as a self-reproducing unit is very unlikely to have a certain metabolic 
activity at one of its terminal branches and a completely different one at another. Differ­
ence in location of the synaptic terminal on the surface of the postsynaptic cell might produce 
a contrary effect without any difference in metabolic setup or chemical activity of synaptic 
terminals. Recent physiological evidence, at least what concerns motoneurons, does net give 
much support to this view 16]. With the exception of the interesting spiral axon-hillock synapse 
in IMautlmer neurons (R etzlaff  [25]), no histological evidence is known in favour of this 
assumption. The opposite view of the possible rôle of synapses with the more distal parts of 
the motoneuron dendrites, proposed on a histological basis independently by S p r a g u e  129] 
and ourselves [37], cannot be reconciled neither with more recent histological findings, nor with 
the time course of the inhibitory postsynaptic potential, which indicates that inhibition must 
he exerted on motoneurons somewhere on the soma, or the most proximal parts of the dendrites.

Another still more important, though purely theoretical argument against the assumption 
of excitatory and inhibitory collaterals given by the same (premotor) neuron, emerges from an 
analysis of the integration of movements. It is a very convenient abstraction to consider 
muscles or muscle groups as arranged in simple antagonistic pairs, but almost never true in 
the living organism. Let us consider e .g .  the action of extraocular muscles in an animal with 
a frontal position of the eyes, cat or monkey or man. Elevation of the visual axis is brought 
about by the contraction of the pair S u p e r i o r  rec tu s  — I n f e r i o r  o b l iq u u s  and reciprocal relaxa­
tion of the pair I n f e r i o r  rec tu s  — S u p e r i o r  o b l iq u u s .  Downward movement is accomplished by 
a reverse action. Rotation of the eye around the visual axis, as it is very common in vestibular 
reflexes, is produced by the joint action of the pairs S u p e r i o r  rec tus  — S u p e r i o r  o b l i q u u s  vs. 
I n f e r i o r  re c tu s  I n f e r i o r  o b l iq u u s .  Especially beautiful examples of such different combined 
actions can be evoked by labyrinthine receptors, where the stimulation of the same receptor 
e . g .  by displacement of the utricular otolithic membrane in different directions throws the 
above four extraocular muscles into action in the same combinations as mentioned above 
(Sze n t á g o th a i  [34]). The same holds true for all muscles acting on a joint or joints with 
more than one axis, e.g .  E x t e n s o r  c a r p i  r a d i á l i s , u l n a r i s  a n d  F le x o r  c a r p i  r a d i á l i s , — c a r p i  
u l n a r i s  in man, which, working in different combinations, produce wholly different move­
ments. — If the same premotor neurons would terminate with excitatory synapses on the 
motoneurons of one muscle and inhibitory ones on those of its antagonist, these two muscles 
would, according to our present knowledge concerning synaptic transmission, be linked together 
reciprocally once and all. It would be impossible to bring them to simultaneous contraction, 
since the inhibitory collaterals would crosswise inhibit the motoneuron pools of both muscles, 
unless the very improbable situation is assumed that different sets of premotor, etc. neurons 
exist for all possible combinations of muscle action. An appreciation of this side of the problem 
of inhibition had been given in the description of the reflectory connections of different isolated 
labyrinthine receptors with extraocular muscles (Szentág o th ai  [34] pp. 70 — 71), before 
anything had become known of the existence of specific inhibitory neurons. — A very simple 
solution of the problem is given by the incorporation of one specific inhibitory neuron into the
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inhibitory limb ol the pathway, as shown in the diagram of Fig. 6. Let us suppose that any one 
of the premotor neurons PM4—4 (naturally representing a pool of similar neurons) has, beside 
excitatory connections with the respective motoneurons M4—4, synapses with two of the spe­
cific inhibitory cells i4—4 and ip—4', connected with the motoneurons of two muscles out of 
its three potential antagonists. If the inhibitory cells are synaptically connected not only with 
their respective motoneurons, but also, as seen in the diagram, with one another, in case of 
simultaneous discharge of e.g. the two premotor neurons PM4 and PM2, the motoneurons 
M3 and M4 would be effectively inhibited by the specific inhibitory neurons ip and ip, whereas,

PM5

Fig. 6. Diagram for explanation of the action of specific inhibitory cells in case of reciprocal 
innervation of 4 muscles acting in different combinations on a sphaeroid joint

due to crosswise inhibition of the neurons i1 and i2 by each other, excitation of the motoneurons 
and M2 could occur without hindrance. The same would hold true for any other combination 

of simultaneous discharge of two premotor neurons of the diagram, with the result that always 
two motoneurons would be excited and the remaining ones inhibited. This diagram is naturally 
a speculative one, but it explains in a very simple way the necessity of the existence of specific 
inhibitory neurons for the integration of muscular function in all cases when not only fixed 
antagonistic pairs have to be brought into action. The diagram postulates that the specific 
inhibitory neurons are in mutual interconnection. This, at least in the Darkschewitsch nucleus 
region, is really the case, where in Golgi preparations the numerous interconnections of the 
neurons, even between those of the two sides by collaterals, can be seen fairly well.

These ra th e r  th e o re tic a l  considerations a re  in  com plete  accordance  w ith  
th e  conclusion of E ccles e t  al. [8] on th e  n o n -ex is ten ce  of d irec t in h ib ito ry  
co lla te ra ls  of la  sp in a l a f fe re n ts  to m o to n eu ro n s, as well as w ith  th e  n e g a tiv e
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re su lt o f all a t te m p ts  to  tra c e  a fte r  tra n sa c tio n  o f th e  dorsal roots d e g e n e ra te d  
co lla tera ls  to  m o to n eu ro n  g roups w hich are  in h ib ite d  b y  the  la  a ffe re n ts  
en te rin g  th ro u g h  th a t  ro o t.

T h ere  is, up to  a ce rta in  p o in t, also a co m p le te  ag reem ent b e tw e e n  
physio logical and  an a to m ica l in fo rm atio n  co n cern in g  th e  p a thw ays o f  in h ib i­
tion . T he p a th w a y  of d irec t in h ib itio n , as w ell as th e  p red ictions o f E c c l e s ,. 
Fatt and  K oketsu  [7] on th e  p a th w a y  o f a n tid ro m ic  inh ib ition , h a v e  b e e n  
verified  m ost sa tisfac to rily  by  an a to m ica l ev id en ce . F rom  the  re su lts  w ith  
th e  ‘"•isolated ventral horn preparations”  i t  c lea rly  ap p ea rs  th a t  th e  c o lla te ra ls  
of m o to n eu ro n s rea lly  te rm in a te  on sm aller cells s itu a te d  exactly  w h ere  th e  
“Renshatv cells”  are  supposed  to  be localized. T h is  synapse is of th e  b o u to n s -  
te rm in a u x  ty p e , w hich, accord ing  to all ev idence fu rn ished  by these  in v e s t i ­
ga tio n s, m u s t be considered  as o f exclusively  e x c ita to ry  character.

U n fo rtu n a te ly , th e  prob lem  of th e  in h ib ito ry  p a th w a y  from  th e  sp ec ific  
in h ib ito ry  cell to  th e  m o toneu rons rem ains u n se ttle d . We can d raw  b u t  th e  
n eg a tiv e  conclusion  th a t  inhibition  is not exerted on motoneurons by te rm in a l  
knobs o f  any  k in d  or localization, n everthe less, on th e  basis of these in c o m p le te  
and  b y  no m eans sa tis fac to ry  positive  h isto log ica l find ings, we v e n tu re  to  
offer som e possible exp lan a tio n s, being a t th e  sam e  tim e  well aw are o f  th e ir  
fa llib ilities .

(i) I t  m ight be possible th a t th e  sparse m eshw ork  o ffin e  fibres re m a in in g  
in ta c t  in iso la ted  v e n tra l horn  p rep a ra tio n s , is in  fa c t th e  te rm ina l ra m if ic a tio n  
of th e  Renshatv cells. (An a lte rn a tiv e  ex p la n a tio n  w ould be th a t  it  is n o th in g  
else th a n  m o to n eu ro n  axon  co lla terals.) T he Renshatv cells m ig h t p e rh a p s  
be considered  som e k in d  of Golgi cells, th e  te rm in a l axon ra m if ic a tio n s  
of w hich , —  due to  th e ir  ex trem ely  sm all d ia m e te r , —  evade o b se rv a tio n  
u n d er th e  lig h t m icroscope. F ernandez— Moran  [10] has described  ev e n  in 
sp inal t r a c ts  subm icroscopic u n m y e lin a ted  f ib re s  v isib le  only w ith  th e  a id  o f  
th e  e lec tro n  m icroscope, so th a t  th e  d iscovery  o f  te rm in a l fibres and  s y n a p tic  
s tru c tu re s , m uch f in e r  th a n  those h ith e rto  k n o w n , w ould no t be u n e x p e c te d . 
T he th in  d eg en era ted  fib res , the  ram ifica tio n s  o f  w hich escape fu r th e r  o b se rv ­
a tio n , found  in  th e  oculom otor nucleus a fte r  lesions o f D arkschew itsch’s 
n ucleus, could  be exp la ined  in th e  sam e w ay. —  The very  fin e , so ca lled  
“ coiled f ib re s”  d e tec ted  a fte r  com plete  d e a ffe ren ta tio n  of the low er co rd  in 
Clarke’s colum n [36], are  v e ry  sim ilar to th e  “ rem ain ing  fibre m e sh w o rk ”  
in iso la ted  v e n tra l  colum n p rep a ra tio n s . T h e ir e x a c t te rm in a tio n  on  Clarke  
neu rons could no t be d e te rm in ed . Since in h ib itio n  o f Clarke neurons h a s  b een  
described  b y  Laporte, L undberg  and Oscarsson  [23], i t  m ight be possib le  
th a t  these  fin e  fib res arising  from  neurons localized  som ewhere in th e  n e ig h ­
b o u rin g  g ra y  m a tte r , m ay  be th e  h isto log ical s u b s tra ta  of this e ffec t.

T he p a u c ity  o f these  s tru c tu re s , how ever, i f  considered  as the  a n a to m ic a l 
basis o f in h ib itio n , does n o t seem  to  be easily  reconciled  w ith the a b u n d a n c e
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o f  th e  e x c ita to ry  s tru c tu re s  rep resen ted  b y  th e  g rea t m ass of te rm in a l knobs. 
T h e  physio logical e v e n ts  w hich acco m p an y  e x c ita tio n  and  in h ib itio n , on th e  
o th e r  h an d , are  r a th e r  sy m m etric , one b e in g  m ore or less th e  m irro r  im age 
o f  th e  o ther. —  A n o th e r  d ifficu lty  arises fro m  the  sm all d ia m e te r  of th e  
in h ib ito ry  te rm in a l f ib re s . I t  is q u e s tio n a b le  w hether th e  low  co nduction  
v e lo c itie s  we m u s t supp o se  in  so e x tre m e ly  f in e  fibres, even considering  th e  
s h o r t  d is tan ces , can  be  reconciled w ith  th e  tim e  course of e v e n ts .

(ii) W ith  re sp e c t especially  to  th e  f in d in g s  on o cu lom oto r nuclei, 
a n o th e r  possib ility  c a n n o t be sim ply re je c te d . H ere the  sings o f d eg en era tio n , 
fo llow ing  lesions p laced  in to  regions w h ere  th e  specific in h ib ito ry  neurons 
a r e  localized , are  re la tiv e ly  ab u n d an t in  th e  v e n tra l  p a rt of th e  3 rd  nucleus, 
w h e re  the  in itia l n o t m y elin a ted  p a r ts  o f  th e  m otoneuron  axons begin  to  
g a th e r  in to  b u n d les . T h o u g h  no signs o f  som e specific sy n a p tic  s tru c tu re  
b e tw e e n  the d e g e n e ra ted  fib res and  th e  m o to n eu ro n  axons h av e  ev er been 
se e n , i t  m igh t n e v e rth e le ss  be possible t h a t  th e  m eshw ork of th e se  f in e  fib res 
e x e r ts  its  in h ib ito ry  in flu en ce  upon the  in i t ia l  seg m en t of th e  axon . •— W ork ing  
w ith  th e  h isto logy  o f  sy n ap ses  it  m ust c o n s ta n tly  be k ep t in m in d , how  d ifficu lt 
e v e n  th e  la rg es t fo rm s o f  sy nap tic  te rm in a ls  a re  to  sta in . T herefo re  th e  fa c t 
t h a t  nobody  has h i th e r to  found any k in d  o f  synapse on the  in it ia l  segm en t 
o f  th e  axon  of m o to n eu ro n s , does no t n e c e ssa rily  prove th a t  th e re  rea lly  ex ist 
n o n e . —  O f course, re c e n t observations w ith  th e  aid of in tra c e llu la r  reco rd in g  
a re  n o t  in  fav o u r o f  su ch  an  assum ption .

(iii) F in a lly , we c a n n o t com pletely  r e je c t  th e  idea th a t  we a re  perh ap s 
on th e  w rong tra c k , w h en  we by all m ean s t r y  to  explain the ac tio n  o f the 
sp e c if ic  in h ib ito ry  cells u p o n  m otoneu rons exclusively  on th e  b as is  o f  som e 
k in d  o f  sy n ap tic  m ech an ism . The m eagre h is to lo g ica l findings o f d eg en era tio n  
fo llow ing  d e s tru c tio n  o f  a cell group th e  e x c ita tio n  of w hich p ro d u ces such 
a sp e c ta c u la r  effect o f  com plete  in h ib itio n  o f  oculom otor neurons [37] m ig h t 
in d ic a te  th a t  we h av e  to  search  a fte r  m ech an ism s fu n d am en ta lly  o th e r  th a n  
in  case of e x c ita to ry  im pu lse  tran sm issio n .

Sum m ary

A n a tte m p t h as b een  m ad e  h istologically  to  id e n tify  th e  synapses th a t  t r a n s m it  e x c ita ­
tio n  a n d  in h ib itio n  of m o to n eu ro n s. — The in v e s tig a tio n s  have  been based  p a r t ly  on  th e  
m e th o d  of secondary  d e g en e ra tio n  of synapses, b u t  in  o rd e r  to  s tu d y  the  v e ry  sh o r t  connections 
o c c u rr in g  in th e  in h ib ito ry  p a th w a y s  a new m eth o d  o f  n e u ra l isolation of sm alle r p a r ts  o f th e  
s p in a l  co rd  has been dev elo p ed . A fter a longer p e rio d  o f  degeneration  th e  re m a in in g  e lem en ts 
o f  th e  iso la ted  p a r ts  o f th e  g ra y  m a tte r  have b een  s tu d ie d .

A ll fib re  system s w h ic h  convey ex c ita tio n  to  m o to n eu ro n s, te rm in a te  w ith  th e  well- 
k n o w n  te rm in a l knobs. Size, n u m b er, d is trib u tio n , lo ca liz a tio n  and p re te rm in a l b ra n ch in g  of 
sy n a p se s  belonging to  d iffe re n t e x c ita to ry  system s h a v e  been  described.

In h ib ito ry  p a th w ay s , k n o w n  h ith e rto  on ly  fro m  physio logical evidence, co u ld  he trac ed  
b y  a n a to m ic a l m eth o d s to  th e  d ifferen t groups o f sp ec ific  in h ib ito ry  neu rons. T h e  synapses 
b y  w h ic h  these specific  in h ib ito ry  neurons are a c t iv a te d ,  being  th u s e x c ita to ry  ones, belong 
a lso  to  th e  b o u to n s- te rm in au x  ty p e .
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The connections of the specific inhibitory cells with motoneurons could not be satis­
factorily identified, but the results nevertheless clearly indicate that inhibition is not exerted 
upon motoneurons by any type of the hitherto known terminal knobs. Л sparse network of 
extremely fine, almost submicroscopic, fibres may be derived from the inhibitory neurons, 
which is in fairly close contact with the motoneurons. The possible significance of this mesh- 
work as an inhibitory synaptic formation has been discussed.
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АНАТОМИЧЕСКИЕ ОСНОВЫ ПЕРЕДАЧИ ВОЗБУЖДЕНИЯ И ТОРМОЖЕНИЯ
НА ДВИГАТЕЛЬНЫЕ НЕЙРОНЫ

Я.СЕНТАГОТАИ

Автор пытается гистологически отождествлять раздражающих и тормозящих 
синапсов двигательных нейронов. Исследования основываются отчасти на методе вторич­
ного перерождения синапсов, однако, для исследования короткой интерневральной связи, 
предположенной на тормозящем пути, автор применяет новый метод. Небольшая часть 
переднего рога спинного мозга совершенно изолируется от невральных связей, а затем, 
после несколько месячного периода дегенерации исследуются неповрежденные нев­
ральные элементы изолированной части.

Все системы путей, которые передают импульсы возбуждения к двигательным 
невронам, заканчиваются на поверхности этих клеток с общеизвестными двигательными 
пластинками. Подробно излагаются величина, число, организация и место двигательных 
пластинок, относящихся к различным премоторным системам, также как и условия раз- 
ветрленпя приводящих волокон.

Предположенные до сих пор исключительно на основании физиологических опытов, 
проведенных с помощью внутриклеточного отведения, тормозные пути можно анатоми­
чески проследить вплоть до специфических тормозящих невронов. Синапсы, раздра­
жающие специфические тормозящие клетки (значит тоже возбуждающие), также типа 
двигательных пластинок.

Автору не удалось гистологически удовлетворительным образом отожествлять связь 
между специфическими тормозящими клетками и двигательными невронами, однако, 
на основании его наблюдений является несомненным, что непосредственные тормозящие 
синапсы двигательных невронов не принадлежат к типу двигательных пластинок. С опре­
деленной вероятностью можно предполагать, что из тормозящих клеток происходит 
весьма тонкая, почти субмикроскопическая сеть нервных волокон, которая находится в 
тесной касательной связи с поверхностью двигательных невронов. Автор взвешивает ту 
возможность, что морфшлогический субстрат непосредственной передачи торможения 
h i двигательные невроны следует искать в этой сети.

A N A T O M ISC H E  G R U N D L A G E N  D E R  S Y N A P T IS C H E N  Ü B E R T R A G U N G  
VON E R R E G U N G  UN D  H EM M U N G  B E I M O T O N E U R O N E N

J . SZENTÁGOTHAI

E s w urde der V ersuch  u n te rn o m m en , die E rre g u n g  u n d  H em m ung a u f  m o to risch e  
N eu ro n en  ü b e rtra g en d e n  S y n a p se n  m itte ls h isto log ischer V erfah ren  zu id en tifiz ie ren . Die 
U n te rsu ch u n g en  beru h en  e ineste ils  au f der A nw endung  des V erfah rens der sek u n d ä re n  D ege­
n e ra t io n  v o n  Synapsen . Z w ecks S tu d iu m  kürzerer N eu ro n en v erb in d u n g en , w ie sie gerade  
bei d en  L eitu n g sb ah n en  d e r H em m u n g  p h y sio log ischerse its  angenom m en w erden , w urde 
e ine  n eu e  M ethode de r n e u ra len  Iso la tion  k le in e re r T eile  des R ückenm arkes e in g e fü h rt : 
n ach  e in e r längeren  Z e itsp an n e  de r D egeneration  w u rd en  im  iso lierten  G ebiete d e r g rau en  
S u b s ta n z  die zu rü ck b le ib en d en  N ervenelem ente  s tu d ie r t .

A lle F ase rsy stem e, d ie  m oto rischen  N euronen  E rreg u n g  zuführen , en d ig en  an  ih re r  
O b e rfläch e  m itte ls der a llgem ein  b ek an n ten  H e ld -A u erb ach sch en  E ndfiisschen. G rösse , Z ah l,
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A nordnung  u n d  L okalisa tion  de r zu verschiedenen p rä m o to risch e n  System en g eh ö ren d en  
E n d fü ssch en  und  die V erzw eig u n g sart ih rer zu fü h ren d en  F a se rn  w ird beschrieben.

L eitu n g sb ah n en  de r H em m u n g , die bisher nu r a u f  G ru n d  physiologischer B eo b ach tu n g  
angenom m en w urden , k o n n ten  ana to m isch  bis zu den G ru p p e n  spezifischer H em m u n g sn eu ro n en  
e x a k t verfo lg t w erden. Die S y n ap sen  m itte ls derer diese H em m ungsneuronen  e rreg t w e rd en , 
also ebenfalls E rreg u n g ssy n ap sen , sind  säm tlich  auch  v o m  E n d fü ssch en ty p .

Die V erb indung  de r spezifischen  H ein m u n g sn eu ro n en  m it m otorischen N eu ro n en  
k o nn te  histologisch n ich t zu friedenste llend  id en tifiz ie rt w erden . Es konnte  ledig lich  s ich er­
gestellt w erden, dass diese S y n ap sen  keinesfalls zu dem  E n d fü ssc h en ty p  gehören. E in  lo ck eres , 
ab er aus äusse rst feinen, fa s t  subm ikroskopischen F ase rn  besteh en d es G eflecht k o n n te  m it 
e tlicher W ahrschein lichkeit au s  den spezifischen H em m ungsze llen  hergeleitet w erden , dessen  
B eziehungen zu den m o to rischen  N euronen ziem lich en g  sind . E ine mögliche Rolle dieses 
G eflechts als u n m itte lb a re r  Ü b e rträ g e r  der H em m ung a u f  M otoneuronen w ird b esp ro ch en .

Prof. Ján o s S z e n t á g o t h a i , Pécs, D ischka G y. и. 5. H ungary
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